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(54) Reactive purge for solid electrolyte membrane gas separation 



(57) A system and process for producing a high- 
purity product from a feed' stream containing elemental 
oxygen by applying the feed stream to at least one sep- 
arator including a feed zone and a permeate zone sep- 
arated by a solid electrolyte membrane, and driving a 
portion of oxygen contained in the feed stream from the 
feed zone to the permeate zone via the membrane by 
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applying to the permeate zone a reactive purge stream 
containing a reactive gas which combines with oxygen 
to establish a lower partial pressure of oxygen in that 
zone. Oxygen-depleted retentate is withdrawn as a 
high-purity product stream. 
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Description 

FIELD OF THE INVENTION 

5 This invention relates to apparatus and procedures for separating oxygen from a mixed gas feed stream and, more 

particularly, to employing a reactive purge stream with a solid electrolyte membrane for removing oxygen to purify the 
feed stream. 

BACKGROUND OF THE INVENTION 

70 

Solid electrolyte membranes are made from inorganic oxides, typified by calcium or yttrium-stabilized zirconium 
and analogous oxides having a fluorite or perovskite structure. At elevated temperatures, these materials contain 
mobile oxygen-ion vacancies. When an electric field is applied across such an oxide membrane, the membrane will 
transport oxygen ions and only oxygen ions and thus act as a membrane with an infinite selectivity for oxygen. Such 
75 membranes are attractive for use in air separation processes. More recently, materials have been reported that exhibit 
both ionic and electronic conductivity. A membrane exhibiting such a mixed conduction characteristic can transport oxy- 
gen when subjected to a differential partial pressure of oxygen, without the need for an applied electric field or external 
electrodes. 

In an oxygen ion conducting inorganic oxide, oxygen transport occurs due to a presence of oxygen vacancies in the 
w oxide. For materials that exhibit only ionic conductivity, electrodes must be applied to opposed surfaces of the oxide 
membrane and the electronic current is carried by an external circuit. Electrons must be supplied (and removed at the 
other side of an oxide membrane) to make the reaction proceed. 

For mixed conductor materials that exhibit both ionic and electronic conductivity, the countercurrent to the flow of 
oxygen vacancies is an internal flow of electrons, rather than by an electrical current through an external circuit. The 
25 entire transport is driven by oxygen partial pressures in the streams adjacent opposite sides of a mixed conduction inor- 
ganic oxide membrane. In the absence of a purge stream, the "permeate" stream that carries the oxygen away from the 
membrane is "pure" oxygen, and both the feed and the retentate streams must be at a high pressure (or the "permeate" 
stream at a very low pressure) to create a driving force for the oxygen transport. While such an unpurged membrane is 
attractive for the removal of larger quantities of oxygen from inert gas streams, the oxygen recovery is limited by pres- 
to sures that can be applied. Even then, the degree of purification that can be obtained is limited. 

In the patent art, there are a number of teachings regarding the use of solid electrolyte inorganic oxide membranes. 
Chen et al. in U.S. Patent 5,035,726 describe the use of solid electrolyte membrane systems for removing oxygen from 
crude argon feed streams. Chen et al. employ an electrically-driven ionic conductor to achieve gas separation. Chen et 
al. also mention the possibility of using mixed conductor membranes operated by maintaining an oxygen pressure on 
55 the feed side. Chen et al. further teach that oxygen exiting from the permeate side of an electrically-driven ionic mem- 
brane may either be removed as a pure oxygen stream or mixed with a suitable "sweep" gas such as nitrogen. 

Mazanec et al. in U.S. Patent 5,160.713 describe oxygen separation processes employing a bismuth-containing 
mixed metal oxide membrane. Mazanec et al. state generally that the separated oxygen can be collected for recovery 
or reacted with an oxygen-consuming substance. The oxygen-depleted retentate apparently is discarded. 
,o In US. Patent 5,306,411, Mazanec et al. disclose a number of uses of a solid electrolyte membrane in an electro- 
chemical reactor. It is mentioned that nitrous oxides and sulfur oxides in flue or exhaust gases can be converted into 
nitrogen gas and elemental sulfur, respectively. It is also mentioned that a reactant gas such as light hydrocarbon gas 
can be mixed with an inert diluent gas which does not interfere with the desired reaction, although the reason for pro- 
viding such a mixture is not stated. The Mazanec patents do not disclose processes to produce a high-purity product 
45 from an oxygen-containing stream. 

The above-identified patent and technical literature do not disclose means for reducing pressure, membrane area, 
electrical power, or compressor power to levels required for practical application of solid electrolyte membranes to the 
separation and purification of product gases by controlled permeation of oxygen. 

50 OBJECTS OF THE INVENTION 

It is therefore an object of this invention to provide an improved system for producing a high-purity retentate stream 
employing at least one oxygen-ion-conducting solid electrolyte membrane and a reactive purge to decrease the con- 
centration of oxygen on the permeate side of the membrane and thereby increase the driving potential for oxygen ion 
55 transport across the membrane. 

It is another object of this invention to provide such a system wherein pressure or power requirements are reduced 
from those exhibited by the prior art. 

A still further object of this invention to provide such a system which enables reduced membrane area or reduced 
purge flow rates. 



2 



EP 0 778 069 A1 



jo 



75 



20 



35 



40 



45 



iMMARY OF THE INVENTION 

This — crises a process ,0, prrfudng . ^"st^te ~ 

oxygen by applying *• ««d •«•"> » '--""^ W S^fportion d oxygen contained 

""V a preterred embodiment, .he separator is pc*nec ^^^^ 

initially directed to a second feed zone ot a second solid electrolyte membrane. 

So, oiut 0, the tirs, pe'rmeate zone is directed ,0 mi. *«h «J, ; '^sTcoS with any other element in the 

other forms uncombined with other elements. ,™. ain «. than five Dercent by volume of elemental oxy- 

genrS^^^^^ 

pure, where "pure" indicates an absence of elemental oxygen. 

nFsr.mPTiQM riF the d rawings 

Other objects, features and advantages will occur to those skilled in the art from the following description of pre- 
ferred embodiments and the accompanying drawings, in which: 

Skrc^^^ 

f£ 5 is a schematic showing ol a dual stage system to, producing high-purity nitrogen. 
nPTAILEO pCgr.RiPTIO" "f TUP INVENTION 

r ic r sys,em r ccor^^ 
14 and a l,,st P e '™* e2 ™ 'f^' 3 ~ , 4 The teed stream 20 optionally is compressed by compressor 

rrmXrat^s 

,ha„r^nSr,^X^=r^^ 

z °ra,^^^^^ 

recover the heat using a heat exchanger to warm the <eed stream pno * p^eate zone 16. 

poweT^^^^ 

— ovX^ — tS - 3,SO ^ 

^Reactive gas utilized according ,o the present invention « ~^^^™S m 
stoichiometric or superstoichiometric (fuel-rich '^T"^ Reactive purge 

oxygen partial pressure, at the operat.ng condrtions of the separa, J^^^ fta| ^ w com- 
stream 34 includes a reactive gas such as natural gas. H 2 . CO, CH 4 . ch 3 om. or ome g 
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bines with oxygen to decrease the quantity of elemental oxygen in permeate zone 16 to lower oxygen partial pressure 
P 2 . The term "gas" refers to substances which are in gaseous or vapor form at the operating temperature of the oxygen 
separation system. 

Oxygen separation procedures employing SELIC membranes generally require that the feed stream (and the tem- 
perature of the membrane) be at an elevated level, e.g. 400°C to 1 200°C, preferably 500°C to 1 000°C, for efficient trans- 
port of oxygen ions across the membranes. The term "SELIC" refers to solid electrolyte ionic, mixed, or dual-phase 
conductors that can transport oxide ions. Separation procedures according to the present invention typically utilize a 
reactive gas which combines with oxygen in an exothermic reaction. 

More heat may be generated in a combustion reaction than would be desireable for proper operation of the SELIC 
membrane. The reaction is controlled in one construction by blending an oxygen<iepleted diluent component stream 
38 shown in phantom. Suitable diluent components include argon, nitrogen, steam, and carbon dioxide. 

The diluent is selected to control temperature rise by increasing the heat capacity of the combined stream 42, to 
slow the rate of reaction within permeate zone 16 by reducing the temperature or concentration of reactants, and/or to 
make conditions within permeate zone 16 less reducing. Permeate zone 16 is a reaction zone according to the present 
invention, and rendering the gases less reducing increases the chemical stability of the membrane 18. 

In this construction, separator operation is further enhanced by diverting a portion 41 of product stream 30 through 
valve 40 to purge permeate zone 16. The diluent effects described above can be achieved by the product purge if the 
product stream is sufficiently oxygen-depleted. In one construction stream 38 and/or stream 41 comprise ten to ninety- 
five percent of blended stream 42. The actual percentage is selected based on the relative costs of diluent and reactive 
gas, the oxygen reactivity of the reactive gas, the maximum temperature desired in the reactor, the desired heat release 
of the reaction, and the types and thicknesses of the SELIC membrane. 

In another construction, a portion of output from permeate zone 16 is directed through valve 46 as exhaust recir- 
culation stream 48, both shown in phantom, to mix with reactive purge stream 34 prior to applying stream 34 into per- 
meate zone 16. Several important benefits may be achieved by recirculating the exhaust gas as shown in phantom. 
Water vapor or carbon dioxide in the exhaust stream 48 can diminish or suppress coke (carbon) formation and deposi- 
tion which otherwise might foul the surface of SELIC membrane 18 and diminish its performance. In the absence of spe- 
cies such as water and carbon dioxide, coking is likely when high-temperature, hydrocarbon fuel-rich conditions occur. 
These conditions are especially likely near purge inlet 42 because reactive purge stream 34 initially is fuel-rich at inlet 
42 and becomes fuel-depleted only as it approaches outlet 44. 

Another benefit of recirculating the exhaust gas stream when the fuel is incompletely combusted is that hydrogen, 
carbon monoxide, hydrocarbons, or other combustibles are recycled for more complete combustion to improve fuel effi- 
ciency and to reduce undesired emissions. Recirculating hydrogen, which is particularly reactive, will produce improved 
performance especially near purge inlet 42. Exhaust recirculation stream 48 also reduces the need for an external dilu- 
ent 38 or for product purge 41 . 

Additionally, recirculation stream 48 can be used to regulate temperatures within separator 1 2 by either adding heat 
to the stream 48 or rejecting heat from the stream 48, such as by using heat exhanger device 49. prior to mixing with 
reactive purge stream 34. Otherwise, a heat exchanger or other external heating mechanism may be needed for reac- 
tive purge stream 34. Exhaust recirculation therefore can improve stability, control, and overall operation of a purification 
system according to the present invention. 

Purification system 50, Fig. 2, includes a first stage 52 having a second separator 53 and a second stage 54 having 
a first separator 55. Second stage 54 utilizes a reactive purge stream 56 which is a selected blend of reactive gas 
stream 57 and product purge stream 58. Alternatively, an external diluent can be substituted for product purge stream 
58. The operation of first separator 55 therefore would be similar to that of first separator 12, Fig. 1, if separator 12 were 
positioned as a second stage. 

The ratio in oxygen partial pressures P 1 and P 2 of first feed zone 60, Fig. 2, and first permeate zone 61 , respec- 
tively, is enhanced by the reaction of oxygen in permeate zone 61 . Second separator 53, however, relies on a relatively 
high oxygen feed mole fraction X f in initial feed stream 51 and on a sufficient ratio in oxygen partial pressures P{ and 
P 2 ' of second feed zone 62 and second permeate zone 63 to achieve oxygen transport through membrane 76. The dif- 
ference in oxygen partial pressures is established by compressor 64 which generates a high feed pressure, by oxygen- 
deficient purge stream 65, and/or by vacuum pump 66. 

The intermediate retentate stream 67 from second separator 53 is directed to the first feed zone 60. Second stage 
54 includes a microprocessor 68 in this construction which is electrically connected to sensors 69. 70 and to valve 71 . 
Microprocessor 68 optimizes operation of first separator 55 based on the flow rate and/or the mid-stage mole fraction 
X m of elemental oxygen of stream 67, as detected by inlet sensor 69, and the temperature of first permeate zone 61, 
as detected by exit sensor 70. In another construction, sensor 70 is positioned in permeate reaction zone 61 instead of 
in exit stream 72. Changes in the sensed variables cause microprocessor 68 to adjust valve 71 to alter the amount of 
diluent product stream 58 which mixes with reactive gas stream 57, thereby changing the mixing ratio of reactive stream 
56. 

In yet another construction, microprocessor 68 adjusts the (low rate of reactive gas stream 57 using a low-temper- 
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ature vah^e (not shown). The low-temperature adjustable valve is much less expensive than the high-temperature valve 
71. wh,ch ,n th,s construction can be replaced with an inexpensive fixed orifice to serve as a fixed valval 

f °T T a " ° f 6XhaUSt Stream 72 m3y bS Pr ° vided as stream 49 - shown in P han «om in Fig. 2. to combine with or to 
7™u^ 

line J" P6rmeate , Z ° ne 61 in 006 COnstruction b V 80. Electrical energy is delivered along 

stream 5« u^ o n J m P6rmeale Z ° ne 61 • ,nitia ' combustion ™* be started by reaction of fuel 57 with pume 
stream S'lZ * * ,0r Stream 56 when intermediate feS 

and/or'sT Hot' IZV*"^ ^ 2& ' Rg ' 1 " preheats the impressed feed streams 5! 

mplhlt h! 9 ' t , membra "e 74 to cause autoignition of the fuel 57. Autoignition of a hydrocarbon fuel such as 
me hane depends on factors including its concentration and the concentration of elemental oxygerFurther manv 
SEUC membrane materials are catalytic, which may initiate and promote the combustion pr^Z ^ZZ'^l 
n,t,on temperature. Alternately, an oxidation catalyst is introduced as granules or as a surface coaHnn ZV^Z « 

Hie J? S f UC membrane may be Prepared from a variety of materials including those listed in a related application 
VI S 7/m 0r t S,a9eS ° f SO ' id e,eCtr ° ,y1e i0nic and/or mixed conductin 9 membranes, entitled T essu^ Drt^ 
, fomlld h ° h T SeParati ° n Meth0d " U S ' Serial No - 08/444.354. filed on May t8, S^Tto^ 

STStSST b f V/ ferenCe " A,so i^orporated herein by reference for their teachings are U S Patent Nos 5 60 ^3 

.■Si^- The SEL,C membrane may inc,ude a non - SEL,c — — i^l2T« 8 

For ease of construction and improved performance, it is prefered that both SELIC membranes 74 and 76 are 
ZSl°n 9 membraneS - When SELIC ™ m brane 74 is a pure ionic conductor membrane as shown Si 2 for 

3n f X,e ^ a ' ''f riCa ' drCUit 83 iS Pr ° V,ded inC ' Uding Cathode 84 ' anode and conned w £ 
88 to complete the crcu.t and thereby prov,de an electrical connection across the SELIC membrane Oxyoen ions are 
driven across SELIC membrane 74 by the oxygen chemical potential gradient to produce ^ EM^^S^^) 

!>xy"^^^ 

° , hr n P l eSSUre ? Ve ". processes are attractive ,or si, ^tions where large quantities of oxygen are to be permeated 

SJ^S^ST m TH mbrane -- ' n Prindple ' the Pr6SSUre dnVen process can a <- be used forreZa of 
Zl^^l? ? Str6am - Th ' S requ ' reS ,he oxygen Partial-pressure on the permeate side to be reduced to a 
Z orlr r / ' n 6 f eam - ln PradiCe ' <hiS Can be accom P"^^ by compressing the feed stream to^very 

a!ncnnllT^ PP y Z 3 '° W VaCUUm ,0 the permea,e ' USing a pur 9 e 9 as stream with a suff icientTy low ox - 
gen concentration, and/or using a reactive purge according to the present invention y 

n,J^ ° f h, ' 9h feed pressures or vef y low P erm eate pressures are power and capital intensive Hence non- 

ZlfnSZt^^T t6 " d ,0 be h eC0nOmiCa,ly UnattraCtive for the removal ° f ^gen to achTeve very low 
P By COn,raSt ' ,he ' arge Currents rec < uired by conventional electrically driven processes 

make them too energy mtensive to be attractive for the removal of large oxygen quantities Processes 

A multiple stage system according to the present invention is preferred to enable use of different tvoes of spi ir 
pTe EaS's'i'f grad f - ° f 935 and/ ° r PUr9e gaS ' « different -mbTnatls of S« 

Sfe^s^^ 

In multiple stage systems according to this invention, pure ionic SELIC membrane ran ho w« 
arrangements with mixed conductor membranes, preferably having an ionfc membrT^ ^ downs ream of a Sc 
amoTn^r 6 - ThiS a " angement optimi2es the ability of the preceding mixed conductor .^^^^S^me 
amounts of oxygen from an oxygen-rich feed stream by a pressure-driven process, and the ability of the TucceS 

Without a purge gas that has very low oxygen partial pressure, mixed conductors are not as suitable for extractino 
oxygen down to very low oxygen partial pressures Ionic conductors with electrodes and «te^d££ ^in nert ou ge 
conf ^rations are meff.cent and require large amounts of membrane area, making them very ca^Se^if3 
to remove large amounts of oxygen. Ionic conductors in reactive purge configurations require mS ess area bu wouW 

branes^ Jrmed ^2^^?^ T ° f ^ ^ SyS,GmS aCCOrding ,0 ,his invention include mem- 
Z ZT advan,a9eous| y of d,,,erent 'omc or m.xed conductor materials. In one construction for example a first 
stage membrane mcludes a mixed conductor perovskite which exhibits high oxygen ion corKJucL^uT^Ss^JS 
very low oxygen partial pressures. The second stage must be comprised of a material which is charall^ hTIh 
s.ab,.,ty a. very low oxygen partial pressure, even though such a materia. 
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than that of the first stage SELIC membrane. Examples of mixed conducting materials of this type are disclosed in U.S. 
Patent No. 5.306.411 (Mazanec et al.). Materials used in the second stage must typically be stable at oxygen partial 
pressures of below 10' 10 atm. which would typically be present in some areas of the permeate zone during reaction. 
Alternatively, a material such as yttria-stabilized zirconia "YSZ" (Zr0 2 with 8% by weight of Y 2 0 3 ). which exhibits a 

5 much lower oxygen ion conductivity but is stable at low oxygen partial pressures, is used in the second stage. In this 
case, the second stage would be reaction purged and would have an external electrical circuit. 

One or more SELIC materials can be combined together in a single membrane, such as one of the multiphase mix- 
tures disclosed in U.S. Patent No. 5.306.41 1 (Mazanec et al.). to tailor that membrane for the requirements of a partic- 
ular stage. Further, different mechanical configuration can be used, such as a cross-flow geometry in the first stage, or 

jo in an ionic-only second stage, in which permeate is withdrawn at right-angles to feed and retentate flows. 

Oxygen separation system 90. Fig. 3. includes a separator 92 having a feed zone 94. a permeate zone 96. and a 
SELIC membrane 98. A feed stream 100 is compressed by compressor 102, heated by heat exchanger 104. and 
heated as needed by trim heater 106 before delivery to feed zone 94. A portion of oxygen-depleted product stream 108 
optionally is diverted through valve 1 10 to be mixed with reactive purge stream 1 12. 

15 A diluent stream 1 14 consisting primarily of steam is mixed with reactive purge stream 1 12 at valve 116. The actual 
composition of the blended reactive purge stream 1 1 7 entering permeate zone 96 therefore can be adjusted by passing 
selected amounts of product purge through valve 1 10 and diluent steam through valve 116. The amounts of steam and 
product diluents are adjustable to control temperature, improve membrane separation or process stability, and enhance 
performance. 

20 Preferably, as shown in phantom, some heat contained in exit stream 1 22 is transfered to feed stream 1 00 by direct- 
ing some or all of the exhaust through valve 124 to obtain side stream 126 which, after passing through heat exchanger 
104 to warm feed stream 100. is returned as stream 130 to rejoin stream 125 between boiler 132 and condenser 136. 

If oxygen is desired as a co-product, the purge gas composition is controlled such that the amount of oxygen near 
inlet port 118 will be low while the amount of oxygen near exit port 120 will be high. A portion of stream 126 can then 

25 be diverted to provide a low-purity oxygen product stream 128. 

Boiler 132 transfers heat from stream 125 to water 134. thereby generating steam 114. Alternatively, a steam 
stream 1 14 is supplied from an external source. In this construction, stream 125 is further cooled in condenser 136 and 
water vapor is extracted in water separation chamber 138 to supply water stream 134; make-up water 140 is added as 
needed. Stream 125 thereby becomes water-depleted stream 142. Preferably, water obtained from separator 138 is 

30 conventionally treated to remove carbon dioxide or other undesirable species to reduce corrosion in the boiler system. 
A pump 141. shown in phantom, may be added to pressurise stream 134. 

If the amount of combustion in permeate zone 96 is small, that is. only a small portion of oxygen is removed by 
reaction, then stream 142 can serve as an oxygen product stream. If combustion is near stoichiometric or is super-sto- 
ichiometric (fuel-rich), then stream 142 can yield carbon dioxide, carbon monoxide, and/or hydrogen as products, for 

35 example. In another construction, stream 125 is directed elsewhere or discarded without extracting water vapor. 

System 150, Fig. 4, is suitable for bulk production of a low-oxygen-concentration retentate product 152. such as 
nitrogen product! from a feed stream 154 such as air. System 150 includes a first separator 92' which serves as a sec- 
ond stage and a second separator 151 which serves as a first stage. Different purge configurations including reactive 
gas, diluent gas and/or product purge are utilizable for the second stage as described above regarding Figs. 1 -3. In this 

40 construction, the first stage optionally is purged with an oxygen -depleted stream 153. Some fuel may be added to 
stream 153 to enhance performance and to generate heat to offset heat losses. 

Feed stream 154 is compressed by compressor 156 and enters a heat exchanger 158 where the temperature of 
feed stream 154 is elevated by heat exchange with product stream 152 and oxygen byproduct stream 160 from second 
separator 151. A trim heater 164 further elevates the feed stream temperature as desired. The heated feed stream is 

45 applied to second separator 1 51 . and a second portion of entrained oxygen is driven from the feed zone 1 66 to the per- 
meate zone 168 via a second SELIC membrane 170. preferably a mixed conducting membrane. The oxygen partial 
pressure P 2 " in the permeate zone optionally is lowered by reducing the back pressure of exit stream 160, purging with 
an oxygen-depleted gas. such as effluent from the second stage, or by using a vacuum pump (not shown). Pure oxygen 
or an oxygen-enriched stream is thereby obtained as byproduct stream 160. 

50 Feed stream output 1 72 is directed to a first feed zone 94' of first separator 92'. and a first portion of oxygen, which 
is contained in the feed stream output 1 72 from the second feed zone 1 66, is driven into first permeate zone 96' through 
first SELIC membrane 98'. Oxygen-depleted nitrogen is obtained as product stream 152. 

The first permeate zone 96* is purged with reactive gas stream 112' which includes a desired mixture of diluent 
steam 1 14' and product nitrogen diverted through valve 1 10* as described above for Fig. 3. If available, a suitable exter- 

55 nal diluent can be used instead of passing product nitrogen through valve 110'. In general, the ratio of purge flow to 
product flow ranges from 0.05 to 5. 

A two-stage SELIC membrane system 210 for producing a high-purity product such as nitrogen from a feed stream 
such as air is shown schematically in Fig. 5. Preferably, both stages utilize mixed conductor SELIC membranes. Air 
stream 215 is compressed to five to ten bar by an externally powered compressor 216 and/or a compressor 218 which 
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* ~ * .rw^n ooo rnniprs 224 and 226 lower the temperature of air 
is connected to a shaft 220 driven by an expans.on turbine 222. Coolers m ana m u 

stream 215 to compensate for heat of compression. 

^Contaminantssu* as water and 

such as a thermal or pressure swing adsorption dm. or a P<*™*^ =d teSstream 232 10 teed zone 234 
229 is healed regenerative!, in heat exchange, 230 .and then ^£^ s *o« 70%. 0. ele- 

mSo^^^^^ 

^r^xrereS- 

ot the remaining elemental oxygen is transferred into reactor i rone 242. Higr i pur y i y 

low pressure regeneration gas in prepurif.er 228 consume s oxygen to lower the oxygen partial pressure 

to dilute pressurized react.ve gas stream 256 such as JJ^^^JJ ™ be P d esir a ble to have a small amount 

oitrs^^^ 

^rer^pfe^ 

^^a= n,°S;;es"s TSETSE and seais. deduce pyemia, sealing probiems encou, 
tered during use of different high-temperature materials. as ^ 

High pressure, low oxygen permeate stream 258 ,s ^^^ h JS^^ ^ mo d«ied asdis- 

meals stream 258 at reduced caprlal *f K„„ mM low pressure stream 260 which is reheated in heat exchanger 230 
SnstdecontamL'ed teed * strear, = ~ ™ Za^ eases thermal management o, 

maintaining the system at a ^^^Sconstruction by diverting a portion of exhaust stream 258 through valve 
Thermal .manager^ -^^^^^^U. 276 wShin heat exchanger 230 to warm expanded 
270 as a recirculation stream 272. Heat is removed at eg construction region 276 is a separate 

stream 260 and to externally remove heat ^"J^^ ™" 278 is brought back to second stage purge inlet 
^.SSK^ tTe'SSt^tream 272 by regions 274. 276 a!so enables use of 

• some re J J hydrogen w,„ be present in recitation stream 282 to 

ease lighting off the reaction near the purge inlet of permeate zone 242. 



Example: 



50 



55 



Production othfchpuritv^rornanitrogen.eed 

in Table I .or a ^J^ La ^^^^^^S^^. The reactive purge stream 
process pressure and teed ^ JT^^^ ' „i, roge n simulating a blending oi hydrogen with 
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Table I 



5 


Material 


One of the materials of AsA'tBuB^B'^Ox family whose composition is disclosed in U.S. Patent 
5,306,41 1 (Mazanec ef a/ J as follows: 

A represents a lanthanide or Y, or a mixture thereof; 

A* represents an alkaline earth metal or a mixture thereof; 


70 




B represents Fe; 




B" represents Cr or Ti, or a mixture thereof; 

B" represents Mn, Co. V, Ni or Cu, or a mixture thereof; 

and s, t, u, v, w, and x are numbers such that: 


75 




s/t equals from about 0.01 to about 100 
u equals from about 0.01 to about 1 ; 
v equals from zero to about 1 ; 


20 




w equals from zero to about 1 ; 

x equals a number that satisfies the valences of the A, A', B, B\ B" in the formula; and 

U.y < ^S+T;/(,U+V+WJ < l.l 




otLio Area 


1 4 cm 


25 


Thickness 


u.io cm 




Process pressure 


1 . 1 atm 




rrocess lemp. 


1 UUU Lf 


30 


Feed flow 


750 seem of (2 % 0 2 in N 2 ) 




Purge flow 


250 seem of (40 % H 2 in N 2 ) 




Feed O2 cone. 


2% 


35 


Product 0 2 cone. 


< 1 ppm 



It is shown above that efficient processes and apparatus can be designed to remove oxygen from a gas stream 
using as membranes solid oxide electrolytes which transport oxygen ions. By employing electrolytes that also have sig- 

40 nificant electronic conductivity (i.e. mixed conductors), the separation process can be pressure driven, without a need 
for electrodes and applied electrical voltages. The use of reactive purging, with or without vacuum pumping, on the per- 
meate side greatly increases the capability and efficiency of the pressure-driven process. 

Reactive purging can also permit an ionic conductor with electrodes and an external circuit to be used for high- 
purity retentate production, in such a scheme, power can be produced in that stage as a co-product. 

45 Significant improvements in operation may be achieved by conducting the purification process in two or more 
stages with the successive stages operating at lower partial pressures of oxygen on both the feed and permeate sides. 
Progressively lower oxygen partial pressures on the permeate side can be created by purging with gas streams con- 
taining progressively lower oxygen concentrations and/or progressively higher quantities or qualities of reactive gas as 
described above, and/or by vacuum pumping to progressively lower pressures. 

50 For producing high-purity nitrogen from air, for example, the first stage preferably removes about 30% to about 80% 
of oxygen contained in the feed stream, and more preferably removes about 40% to about 70% of the oxygen. The reac- 
tive purge stream preferably is at a lower pressure than that of the feed stream, and more preferably is at a slightly lower 
pressure to facilitate sealing and to reduce mechanical stresses. The SELIC membrane or membranes in the first stage 
are selected to achieve high oxygen conductivity at relatively high oxygen partial pressures and the SELIC membrane 

55 or membranes in the second stage are selected for stability at relatively low oxygen partial pressure. 

By combining an initial mixed conductor SELIC stage with a subsequent ionic-only conductor SELIC stage, the 
mixed conductor stage removes the bulk of the oxygen whereas the ionic conductor stage removes the last traces of 
oxygen to produce a high purity oxygen-free product such as nitrogen or argon. 

While diluent streams such as exhaust recirculation stream 282 and product purge stream 253, Fig. 5, have been 
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described as preferably being mixed together with the reactive gas stream prior to applying the combined purge stream 
through a single inlet to the permeate zone, one or more diluent streams may be introduced through separate inlets in 
other constructions according to the present invention. The diluent streams can be mixed with the reactive gas during 
or after introduction of the reactive gas into the permeate zone. 

Specific features of the invention are shown in one or more of the drawings for convenience only, as each feature 
may be combined with other features in accordance with the invention. Alternative embodiments will be recognized by 
those skilled in the art and are intended to be included within the scope of the claims. 



Claims 

1 . A process for producing a high-purity product from a feed stream containing elemental oxygen, comprising: 

applying said feed stream to a first separator including a first feed zone and a first permeate zone separated 
by a first solid electrolyte membrane capable of transporting oxygen ions; 

driving a first portion of oxygen contained in said feed stream from said first feed zone to said first permeate 
zone through said first membrane by applying a reactive purge stream to said first permeate zone, said reac- 
tive purge stream including a reactive gas that combines with oxygen to establish a lower partial pressure of 
oxygen in said first permeate zone; and 

obtaining an oxygen-depleted product stream after the first portion of oxygen has been driven from said first 
feed zone. 

2. The process of claim 1 wherein said reactive purge stream includes an oxygen-depleted diluent component. 

3. The process of claim 1 wherein said reactive purge stream includes a portion of output from said first feed zone. 

4. The process of claim 1 further including directing at least a portion of output from said first permeate zone to mix 
with said reactive purge stream. 

5. The process of claim 1 further including positioning said first separator as a second stage and initially applying said 
feed stream to a second feed zone of at least a second separator, said second separator being positioned as a first 
stage and having a second permeate zone separated from said second feed zone by a second solid electrolyte 
membrane; 

driving a second portion of oxygen, which is contained in said feed stream, from said second feed zone to 
said second permeate zone through said second membrane; and 

directing an oxygen-depleted feed stream, obtained after the second portion of oxygen has been driven from 
said second feed zone, to said first feed zone of said first separator. 

6. The process of claim 5 wherein said reactive purge stream applied to said first permeate zone includes an oxygen- 
depleted diluent component that is selected to accomplish at least one of decreasing the rate at which said reactive 
gas combines with the oxygen, controlling temperature rise in said first separator, and rendering chemical condi- 
tions with said first permeate zone less reducing. 

7. The process of claim 6 wherein the step of driving oxygen for at least one of said first and second separators 
includes diverting a portion of output from at least one of said first and second feed zones to purge the permeate 
zone of that separator. 

8. The process of claim 7 wherein at least one of said first and second membranes includes a mixed conduction mate- 
rial. 

9. The process of claim 8 wherein said first membrane in said second stage is an ionic membrane, and the step of 
driving for said first separator includes providing an electrical connection across said first membrane. 

10. The process of claim 5 further including directing a purge stream from an outlet of said first permeate zone to an 
inlet of said second permeate zone. 
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